word count: 246 14 Article word count: 5216 15 16 2 Abstract 17 Anaerobic oxidation of methane (AOM) is an important biological process responsible for 18 controlling the flux of methane into the atmosphere. Members of the archaeal family 19 Methanoperedenaceae (formerly ANME-2d) have been demonstrated to couple AOM to the 20 reduction of nitrate, iron, and manganese. Here, comparative genomic analysis of 16 21 Methanoperedenaceace metagenome-assembled genomes (MAGs), recovered from diverse 22 environments, revealed novel respiratory strategies acquired through lateral gene transfer 23 (LGT) events from diverse archaea and bacteria. Comprehensive phylogenetic analyses 24
other metal reducing microorganisms and mediate electron transport from the cytoplasm to 233 the periplasm (60) (61) (62) . 234 Most of the 16 Methanoperedenaceae MAGs (except CMD-1 and ASW-3) have more than 235 one of these MK:cytochrome oxidoreductase complexes and 11 have at least four (Figure 1) . 236 ASW-3 is the only MAG not to encode any MK: cytochrome c oxidoreductases, which is 237 consistent with its putative use of MP. A gene encoding a cytochrome-b found to be most 238 similar to "Ca. Methanohalarchaeum thermophilum" was identified in ASW-3; however, in 239 the absence of a collocated MHC gene, the extracellular electron transfer step for this 240 microorganism is unclear. 241 Phylogenetic analysis of the membrane-bound subunits of the MK:cytochrome c 242 oxidoreductases (Figure 2) , which include the NrfD subunits (from Groups 1 and 2) and the 243 b-type cytochromes (from Groups 3, 4 and 5), showed that they have been potentially 244 laterally transferred from diverse donors (Figure S7) . The Methanoperedenaceae NrfD 245 subunits formed independent clusters with sequences from members of the 246 Dehalococcoidales family RBG-16-60-22 (Group 1) and a single MAG (RBG-16-55-9) from 247 the candidate phylum Bipolaricaulota (Group 2; Figure S7A ). The b-type cytochromes of the 248 Methanoperedenaceae belong to three distinct clades (Figure S7B) . The b-type cytochromes 249 from Groups 3 and 4 clustered with proteins from GoM-ArcI, indicating vertical genetic 250 inheritance from an ancestor of these two families, and Group 5 proteins clustered with those 251 from the class Archaeoglobi (40).
252
The conservation of multiple conserved laterally transferred MK:cytochrome c 253 oxidoreductases in most of the Methanoperedenaceae MAGs may contribute to the reported 254 ability for members of the family to reduce a variety of electron acceptors with a range of 255 redox potentials that include Fe(III) oxide reduction (-100mV to 100mV) (63), nitrate (+433mV)(24), and Mn(IV) (+380mV) (36). Transcriptomic analyses has shown that 257 different MK:cytochrome c oxidoreductases are expressed in different species of the genus 258 "Ca. Methanoperedens" during AOM coupled to the reduction of Fe(III) oxides (9), Mn(IV) 259 oxides (12), and nitrate (15, 24) . A similar phenomenon is observed for the species 260 Geobacter sulfurreducens, where different extracellular electron pathways were used when 261 reducing different electron acceptors (64). encodes an assimilatory nitrate reductase (NarB/NasA) most similar to a protein encoded by 279 the Magnetobacterium casensis (Figure 3) . However, in the absence of an annotated nitrite reductase in the M.Ferri MAG, the potential of this microorganism for assimilatory nitrate 281 reduction is unclear.
282
Multiple MAGs (ASW-2,3,5,6, and Mn-2) were also found to encode putative selenate 283 reductases (SrdA; Figure 3 ), suggesting their ability for Se(VI)-dependent AOM. Recently, a 284 bioreactor enrichment of a member of the genus "Ca. Methanoperedens" exhibited AOM 285 activity when nitrate was substituted with selenate (26). However, as no meta-omic analyses 286 was conducted for the community, it is unclear if the dominant "Ca. Methanoperedens" 287 possessed a putative selenate reductase, or if it was directly responsible for the observed 288 selenate reduction.
289
The ASW-1 and ASW-3 MAGs encode a putative sulfur reductase (SreABC). This 290 annotation is supported by its phylogenetic clustering of the catalytic sub-unit with SreA 291 from Aquifex aeolicus (Figure 3) , which has been shown to reduce elemental sulfur, as well 292 as tetrathionate and polysulfide (66). This is the first genomic evidence suggesting that 293 members of the Methanoperedenaceae may be involved in respiratory sulfur-dependent 294 AOM and warrants further investigation. ANME-1 have been proposed to couple AOM to the 295 reduction of polysulfide in a biogenic hydrocarbon seep sediment, but this was based on the 296 annotation and high expression of a putative sulfide: quinone oxidoreductase (SQR)(67).
297
Genes for dissimilatory sulfate reduction pathways were absent in the Methanoperedenaceae 298 MAGs, consistent with other ANME lineages (68). MGW-1 was recently speculated to 299 directly couple AOM to sulfate reduction utilising assimilatory sulfate reduction pathways. ArxA and ArrA groups, suggesting these species might also have the potential to respire on 312 arsenic compounds. It is noteworthy that the ASW-1, 3, and 4 MAGs were recovered from a 313 Bangladesh arsenic contaminated groundwater sample (Table 1) 
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*Genome accession numbers. For the MAGs assembled in this study the SRA accession numbers are also given.
806
**The BLZ1 genome was not used in analyses as it is almost identical to the BLZ2 genome (99.5% ANI) and has inferior completeness and contamination values. The BLZ1
807
bioreactor was the parent system of the BLZ2 bioreactor. Figure S6 . Top blast hits to Methanoperedens-like protein sequences were excluded. F.
930
General statistic of multi-heme c-type cytochromes (MHCs) in the ANME genomes. G.
931
MHC general statistics for all bacterial and archaeal families in the GTDB v89 database.
